collaboration spanning traditional silos, and facilitate a smooth commercialization process that includes all relevant players. Our results show building an organizational culture around these principles can have a dramatic impact on technology transfer outputs. We also propose seven questions for future research to encourage further work in this important area.
Introduction: The innovation imperative
Innovation is a key battleground in the twenty-first century. Economic experts agree, if any country wants to be a world leader it must successfully innovate, particularly in the science and engineering fields 35, 56, 57 . A recent study by General Electric found that 95 percent of business executives surveyed across 12 countries agree innovation is critical for a competitive national economy, and 88 percent believe innovation is the best way to create new jobs 37 . The extent to which America relies on innovation is underscored by job distribution; only four percent of the US workforce is comprised of scientists and engineers, but this small minority essentially creates jobs for the other 96 percent 57 .
The United States led in the twentieth century, excelling in endeavors like the atomic bomb, aviation, moon landings, DNA breakthroughs, the personal computer, and the Internet.
Suggested reasons for this success include an ambitious immigrant population, effective laws and policies (e.g., effective patent and bankruptcy systems), well-funded corporate research labs, and venture capital availability 35, 39, 65 . So far in the twenty-first century, American companies and researchers have maintained their lead in many areas, including in new fields like social networking, gene therapy, and big data analytics. But recent statistics warn this lead may be wavering. America has gone from first to fourth among countries known for nurturing innovation 30 . For the first time, the majority of corporations in the 2010 BusinessWeek Top 25 Page 26.1211.4
because US companies are investing less in basic research 59 . But US federal government funding of R&D as a fraction of GDP has also dropped; from 1964 to 2004, it decreased by a startling 60 percent 42, 60 . Amid these trends, the US share of global R&D dropped from 38 to 31 percent between 1999 and 2009 42, 59 . Asian countries had a larger share than the US for the first time in 2009 59 . Since 2008, foreign-origin patents have consistently exceeded the number of US-origin patents in the US Patent Office 76 . Perhaps most notably, China increased patent filings by 24 percent in 2012 alone, compared to only 7.8 percent in the US 15, 83 .
Clearly, the future of American innovation leadership is not as certain as in the past, and other countries are strong competitors in this innovation race. One potential solution is to increase understanding about the best way to manage innovation. To that end, we offer a theoretical framework, Organized Innovation, which could be used to help leaders better manage innovation efforts. It is based on our decade-long research program on National Science With this work, we aim to contribute in several ways to engineering management education, and more broadly, the current innovation literature. First, Organized Innovation can be used directly in engineering management education curricula to educate future innovation leaders. The principles in the framework are concrete, yet broad enough to be applied creatively and appropriately across a variety of specific research contexts. They are a set of best practices based on over a decade of research and three decades of ERC success. Thus, we purport they are ready to be disseminated and applied to directly impact engineering management practice today.
Second, the framework extends the extant literature by applying more general innovation and management theory to the specific context of cooperative research centers (CRCs) 10 . CRCs are research organizations comprised of multiple universities and industry partners. They are founded on the premise that collaboration should be institutionalized to enhance innovation potential. To date more than 24,000 CRCs are in the United States and Canada, and more than 13,000 CRCs are in 160 other countries 10 . The ERC Program is one example of a particularly successful CRC program, and was our inspiration in developing this framework. We apply research on motivation, leadership, innovation principles, and technology commercialization to this specific context in efforts to improve outcomes of CRC efforts worldwide, which are heavily tied to management teams of engineering and science researchers. Our research informs their practice directly.
Organized Innovation also contributes to current innovation theory by addressing the challenges associated with complex, large-scale, ambitious research endeavors. By innovation,
we focus on disruptive, significant advances and discoveries in technologies, which move from Page 26.1211.6
initial idea to application in the real world. These large-scale innovation efforts are aimed at generating discontinuous, or disruptive, advances that can radically change the marketplace, the industry, and even develop completely new industries. These research endeavors are notoriously complex; thus, more understanding of the leadership and elements required for successful collaboration and coordination on such a broad scale are desperately needed.
In what follows, we first briefly review the literature on innovation. We then present the Organized Innovation framework and each of its three pillars. In this section we include specific theoretical and empirical evidence of the validity of the framework and specific management prescriptions for teaching and implementing the framework. We also suggest a number of future research questions that would advance the framework, and more generally, the extant literature on innovation management. These research questions are simply meant to provide guidance and ideas for future scholarly efforts.
Landscape of the innovation literature
Scholars have studied factors predicting successful innovation for several decades. From the many reviews and meta-analyses relating to innovation, we can conclude that the most innovative firms have an external orientation and flexibility to change quickly 14 , that country culture and socioeconomic factors matter for innovation outcomes in firms 54 , and that team processes matter more than team composition or size 43 . Namely, teams with innovationsupportive and excellence-seeking cultures, a clear vision, and broad information-sharing with external entities are more innovative and creative 43 . In all, it seems clear that organizations designed to be more innovative, with these considerations in mind, are likely to be more Page 26.1211.7
successful. Still, the question remains on precisely how to manage complex innovation efforts.
Answering this question has important implications for educating our future innovation leaders, as well as positioning more research entities for successful commercialization outcomes.
In this paper, we focus on what leaders can do to create organizational conditions ripe for innovation success. Thus, we hone in on organizational characteristics and factors leaders control to improve the likelihood of success in the innovation process 1, 61 . In the subsequent pages, we provide a brief review of the literature in these areas related most closely to the principles in
Organized Innovation. This is not meant to be an exhaustive review, but rather a glimpse into extant knowledge on how to better manage the innovation process.
One of the most popular considerations is collaboration. Collaboration is important because it breeds creativity, increases the relevance of research to solving real-world problems, and increases the capability of a research team to execute, resulting in more successful innovations 18, 32 . Experts agree that the US can only be more innovative if we collaborate across scientific, disciplinary, and institutional boundaries 21, 22 .
A key aspect of collaboration is dividing the work among universities and industry, and among relevant departments, in which each entity is responsible to a differing degree throughout the commercialization pipeline 6, 78 . Open innovation, which includes sharing ideas across organizational boundaries for the purposes of new product development, is one way to achieve division of labor in collaboration 17, 50 researchers work together on a common project. They must facilitate awareness of each viewpoint and engage in proactive resolution of differences 27 . As these challenges suggest, collaboration can have its drawbacks. Hargadon warns that larger innovation networks mean more time and more relationship management 41 . This conflicts with the need for faster, more efficient idea-to-market innovation processes 16 . Therefore, leaders wanting to increase collaboration should ensure they set proper expectations, use consistent communication and motivation strategies, and enable effective and efficient team-building from the beginning with appropriate team sizes 41, 75 .
Another emergent theme in the recent innovation literature is the paradox between speed to market and long-term execution 16 . Abstract ideas or discoveries must be translated into practice to have any impact, and that translation may take many years 20, 39, 65 . As Christensen Page 26.1211.9
says, the development of disruptive innovations often requires a level investment that does not seem to make sense -the pace and prospect of those technologies, by their very nature, must be ahead of their time 18 . This requires risk-taking and forward-thinking from all involved. Leaders often unintentionally undermine research motivation and innovation success when they suffer from strategic attention deficit disorder -an inclination to move to the next big thing before they really know if the current trajectory is working 4 . We suggest that it is possible to aim for efficiency in new product development 16 This framework may help address the paradox of speed versus long-term execution.
Finally, resource allocation is an important consideration in managing innovation efforts 19 . Although many assume "more is better," research suggests resource utilization (what research teams do with the resources they have) is actually most important 77 . In particular, the team climate for innovation -personal and team capabilities and willingness to take needed risks to overcome barriers -is a significant driver of the success of innovation, even when resources are scarce 5, 77, 79 . Still, the level of resource allocation by leaders is also a driver of innovation 13 .
As Bower and colleagues have suggested, strategy is often decided in a bottom-up fashion, reflected in the ways lower-level managers choose to allocate resources 13 . It is imperative that Page 26.1211.10 managers at all levels are willing to make resource investments in technologies that develop into the next disruptive discovery, staying true to the strategic goals of the research organization.
As we have shown, several key themes have emerged over the years as scholars have sought to better understand innovation management. In the next section we describe Organized Innovation in detail as an overarching theoretical framework to many of these extant findings.
We include specific management prescriptions for teaching and implementing the tenets of the framework to future and current leaders. Finally, we offer future research questions as additional guidance to those interested in studying innovation management.
Overview of Organized Innovation
Formally defined, Organized Innovation is "a systematic method for leading the translation of scientific discoveries into societal benefits through commercialization" (p. x [from the Preface]) 85 . It is a plan for managing complex innovation efforts, from initial research ideas through commercialization execution. It is meant to be a blueprint for leaders, providing practical guidance about how to manage large innovation efforts. Three pillars comprise the framework: Channeled Curiosity, Boundary-Breaking Collaboration, and Orchestrated
Commercialization. As shown in Figure 1 , the three pillars of the Organized Innovation framework map onto the phases of the technology commercialization pipeline and call for varying levels of involvement by universities, industry, and government at each phase. This pipeline is consistent with traditional conceptualizations, in which an idea is discovered, disclosed, patented, and then applied through licensure or development within a start-up company 46, 55, 82 . Page 26.1211.11
Channeled Curiosity
The first pillar, Channeled Curiosity, requires "orienting curiosity-driven research toward solving real-world problems for societal benefit" (p. 51) 85 . It is most relevant as leaders guide the first several phases of the commercialization pipeline -from basic research to creation of prototypes. Channeled Curiosity affects these early stages by directing "blue sky" curiositydriven research toward practical application in the form of new products or technologies that can be patented, licensed, and sold by start-up and/or established companies. That is, leaders can help researchers keep the end application of their research efforts in mind, even while pursuing fundamental research that may have many other, yet-unknown applications. Although we are advocates for basic research, within the Channeled Curiosity pillar, we encourage leaders to focus on research inspired by Pasteur's Quadrant, which means routing curiosity toward some identifiable end; one through which people or industries may eventually benefit (Stokes, 1997) .
Summarizing what we learned from our extensive data collection of ERCs, we highlight five principles for achieving Channeled Curiosity: lead with vision, plan strategically, pursue technology platforms, synthesize solutions, and persist. First, it is important for leaders to effectively communicate a vision that includes specific, challenging goals. Big challenges can inspire all stakeholders in the research effort and may even attract more research funding 65 .
Ambitious visions may originate in a variety of ways -from personal passions, unique interests, or seemingly random curiosities. Whatever the specific projects, decades of goal-setting research supports the idea that leaders should set specific, challenging goals in conjunction with researchers to motivate those researchers to work toward a practical impact. To facilitate big visions and goal achievement, we recommend a second principle: engage in strategic planning, or the process of setting long-term goals with milestones and action plans 66 .
Strategic planning has a proven track record in business (Ramanujan et al., 1986) and the past two decades featured an increase in the use of strategic planning in non-profit and research-based organizations as well 47, 63 thinking, rather than planning outcomes (i.e., the plan), is often the crucial activity facilitated by strategic planning 36, 53 .
As a third recommendation to achieve Channeled Curiosity, we emphasize setting goals focused on development of platforms rather than products. Technology platforms are foundations for multiple products, rather than specific products in and of themselves. Examples include the internal combustion engine, the hypertext transfer protocol, and Apple's iOS. Products built on those platforms include specific types of cars, specific internet software, and specific Apple products, respectively. As leaders and researchers set goals, we suggest they should pursue projects likely to lead to foundational technologies and the prospect of multiple products and companies, rather than specific products whose potential application may be limited. Our research suggests that focusing on platforms reduces the likelihood and severity of debates over intellectual property rights, and even industry partners who are competitors can come together to support a research center's work because they can each use the platform technology to build their own product implementations. Thus, we posit a platform focus will lead to more impactful and disruptive discoveries that even have the potential to develop entirely new marketplaces and industries. This focus can also lead to healthier relationships between university and industry when it means the technology is early-stage enough to allow for collaboration among competitors.
Beyond platforms, we also suggest a focus on synthesis of solutions, which includes analyzing a problem, breaking it down into appropriate components, borrowing from existing or new technologies, and finally building up a new solution. Synthesis should result in larger, more Page 26.1211.14 impactful innovation outcomes because it goes beyond component technologies to develop platforms that involve novel tailoring and assembly of discoveries. Indeed, synthesis requires integrating knowledge and capabilities of multiple technologies and systems to create something new. The Wright brothers' advances in flight represent excellent examples of synthesis. They studied different technologies that eventually were put together to create flight. Among other things, they studied aerodynamics using wind tunnel and propeller technology, which led to airplane propellers and wing, and they designed a three-axis control system for steering and maintaining equilibrium in flight. The result was the first controlled, powered flight at Kitty Hawk 58 .
The final principle to achieve Channeled Curiosity is persistence. As Locke and Latham have repeatedly emphasized in their decades of goal-setting research, persistence is critical, and goals help facilitate persistence 51 . Long-term, large-scale, high-impact innovation endeavors will not be simple or quick, but rather will face many intellectual, technical, logistical, emotional, or political challenges along the way. As Hage suggests, time and persistence are the only way we will achieve great breakthroughs 39 . The ERC Program exemplifies this ideal -the typical grant is 10 years, longer than most federal grants.
The intended result of the Channeled Curiosity pillar is to enable basic research to have a greater impact on the real world, thus making a difference in society rather than simply satisfying a researcher's curiosity. In line with that aim, we suggest two directions for future management research on this pillar: motivating researcher behavior toward Channeled Curiosity and assessing the impact of these principles on innovation outcomes. here.
Boundary-Breaking Collaboration
Consistent with extant innovation literature, which places strong emphasis on effective collaboration, Boundary-Breaking Collaboration represents the facilitation of "information flow and collaboration among individuals representing different disciplines and perspectives in an effort to make new research discoveries more innovative" (pp. 51-52) 85 . Principles inherent in this pillar are critical throughout all phases of the commercialization pipeline. In the early phases, proper collaboration can help inform research goals and solve complex problems through Page 26.1211.17 multidisciplinary and industry-university information-sharing. It is also critical as enabling component technologies move toward proofs-of-concepts, commercial prototypes, and generation of spin-offs and new marketable products. This is the transition in which many technologies fall into the "innovation gap" because no one is willing to invest in them when they are still high-risk and early-stage. Strong collaboration across disciplines and institutions can help close this gap and scale more technologies to the point where they can be sold in the marketplace 38 .
Throughout these phases, leaders act as facilitators to help researchers work across traditional boundaries, including those separating disciplines and institutions, in efforts to produce more high-potential innovations. As described earlier, the need for collaboration in innovation efforts is widely recognized. Indeed, research shows that collaborative team efforts produce more citations for publications, more patents, and more breakthrough discoveries in general 48 . Meta-analytic research shows that teams that cross boundaries in their communications are more innovative and creative 43 . In the business sector, more profits may result, as suggested by a study of 2,500 IBM employees; each email contact totaled $948 more revenue, on average 7 .
Research on ERCs also supports these trends. Namely, patent awards were thirty times more likely to occur in an ERC where participants "Strongly Agreed" their climate was characterized by boundary spanning as compared with a climate where participants merely "Agreed" their climate was boundary spanning 44 .
One reason for collaboration is the growing complexity of knowledge and increased specialization as a result; collaboration occurring across key boundaries improves the likelihood First, our research on ERCs suggests that leaders must persuade stakeholders that they can and should engage in cross-boundary collaboration on the basis that all can be trusted to fulfill their obligations in the relationship. Leaders increasingly rely on decentralized management strategies when projects are dispersed and organizational structures are flat; this is in line with popular leadership theories that cite task-focused empowerment when tasks are ambiguous and uncertain 9, 34 . In this effort, leaders need skills to persuade stakeholders to collaborate with others, particularly those with whom they might not otherwise work. Leaders must also inspire trust among all involved, as trust encourages people to voluntarily share information and ideas more efficiently 19, 23, 24, 25, 29 .
The second principle of Boundary-Breaking Collaboration emphasizes designing research to require cross-boundary interdependence. Designing projects so that individual researchers and even research teams must depend on others throughout the process may enhance the frequency, efficiency, and effectiveness of interactions. In general, individuals who cross boundaries to collaborate with more diverse individuals are more likely to hear and incorporate diverse viewpoints in the research, leading to more comprehensive and innovative research trajectories.
But diverse individuals often do not seek out opportunities to collaborate if it seems possible to accomplish tasks without doing so.
Therefore, it is important to require interactions among the diverse players. Such requirements have a secondary benefit beyond producing more innovative discoveries. The costs associated with establishing these interdependent relationships may encourage more commercialization to help justify the investments made in building the cross-boundary team 48 .
Key in this institutionalization of collaboration is an emphasis on helping stakeholders establish and strengthen working relationships so they are not hindered by their interdependence, but rather reap its benefits.
The third principle emphasizes interdisciplinary collaboration. Collaboration across academic boundaries helps research teams tackle more complex, audacious problems because more knowledge and skills can be incorporated. Kotha et al. argue that more commercialization occurs when scholars from more distant academic disciplines work together 48 . That is, fields that are very different are more likely to define a complex, important problem and find innovative ways to solve it than closely related fields. The more diverse participants are, however, the more Fourth, individuals should cross the industry-university boundary, which has been shown to generate more patents, licenses, and spin-off firm success 69, 72, 73, 74 . This is likely because research becomes more relevant for application in the "real world" when industry perspectives are considered, including input on market demand and needed solutions 73, 84 . Industry relationships may also enable discoveries to be applied more readily than when university researchers work in isolation from industry. Although companies in emerging industries may be more likely to collaborate with universities for research and development than in mature industries 11 , we saw firms in both types of industries benefit from ERC collaboration. Finally, our research also supports extant recommendations to improve industry-university tiesmaintaining a focus on building stakeholder commitment, in part through a designated liaison responsible for relationship management 80 .
The 
Orchestrated Commercialization
The third and final pillar, Orchestrated Commercialization, requires "intentionally coordinating complementary players-researchers, patent officers, entrepreneurs, financial investors, and corporations-to maximize the success of the technology commercialization process" (p. 52) 85 . The tenets of this pillar are particularly vital in the middle and latter stages of the commercialization pipeline, as they help bring technologies from proofs-of-concept to commercial prototypes and beyond. Our research on ERCs suggested that leaders must act as inspiring brokers to motivate and support all parties as they fulfill their particular roles in the commercialization process. This goes beyond the research process into the specific steps required to bring a new discovery to market. The brokering work required to orchestrate the commercialization effort is much like matchmaking -recruiting and coordinating the talents of diverse but complementary players, and forging productive connections among them. Thus, leaders need to understand and navigate diverse disciplines, laws, policies, and entrepreneurship practices in their efforts to translate research into products and services that can have a realworld impact.
Prioritization on commercialization execution answers calls made by a 2012 study from the President's Council of Advisors on Science and Technology (PCAST) 64 . From this study, PCAST recommended that universities should act as "central engines of innovation and geographical anchors of the Nation's science and technology enterprise" (PCAST, 2012). The PCAST report also noted that American research universities have made great strides in this area and "are closer to the marketplace than they have ever been, with a focus on translating and Page 26.1211.24
transferring research discoveries to industry" (p. 100) 85 . ERCs are one exemplar of this movement.
The ERC Program has had unusual success bringing research discoveries to the market in a variety of industries. For example, at one ERC based at Caltech, the Center for Neuromorphic Systems Engineering (CNSE), a SRI International study concluded this center's total impact on the American economy was about $173 million. This represents nearly a sevenfold return on investment from their original funding of about $25 million 67 . However, not all ERCs were equally successful and one important differentiator of whether ERCs achieved strong commercialization output was cultivating a climate within the ERC that supported and promoted commercialization. For example, research demonstrates that invention disclosures were four times more likely in an ERC where participants "Strongly Agreed" that their climate supported commercialization compared with an ERC where participants merely "Agreed" that their climate supported commercialization 44 . By focusing on commercialization support, leaders provide resources and incentives to encourage researchers to take time away from research and other obligations to formally file an invention disclosure. This support is found in a climate for innovation, where new idea generation is supported 5 ; commercialization support climate extends the focus to later stages of the commercialization pipeline.
Just as strategy implementation is notoriously difficult and often poorly executed, commercialization can be a complex difficult process 66 . 65, 82 . To achieve researcher participation in commercialization, it may be necessary to broaden the traditional academic criteria used in annual performance reviews and tenure and promotion decisions beyond can help improve relationships between involved parties 80 , and we suggest giving universityindustry liaisons responsibility throughout the commercialization process. In our research, we found that the most successful ILOs served both as "evangelists of the value of technology commercialization and as providers of resources to researchers, the tech transfer office, and industry to coordinate effective collaboration among all participants" (p. 104) 85 .
As a fifth principle for achieving Orchestrated Commercialization, we note the need to improve the administrative aspect of technology transfer execution. Innovation experts often lament the lack of commercialization activity in many American universities, and administrative execution is partly to blame. TTOs with a customer-service focus make the commercialization process more pleasant for all involved 68 . Beyond attitudes, TTOs who have sufficient resources and well-organized procedures that facilitate researcher involvement in an efficient way are typically more efficient in attaining commercialization success. And in turn, TTOs that focus on speed to market rather than maximizing financial gains are more successful in the long run, including in licensing revenues and fostering long-term industry partnerships 52 . MIT provides an example of this approach. That TTO focuses on speedy execution through the commercialization process, which enhances long-term relationships with industry, more licensing revenue, and more inventions overall out to the real world (Roberts, 2012). Administrative support staff within the research center can also be a tremendous help to researchers and leaders who need to maintain focus on research rather than administrative activities, such as patent filings, involved in commercialization. Page 26.1211.28
Our sixth and final recommendation calls on leaders to forge relationships with entrepreneurs and those involved in the business schools at their corresponding universities.
These include venture capitalists, business development officials, and local entrepreneurs, but also professors and advanced students in business and professional schools across the university.
Students can potentially serve as employees or managers in new firms, or provide earlier-stage help, such as market research, feedback on prototypes, and business plan development.
Advocacy groups, university alumni groups, and local business incubators may also be valuable to research centers looking to improve their commercialization success rate. These groups can offer valuable advice, start-up resources, and networking opportunities to advance the success of the technology being commercialized. For example, the Center for Biological and Environmental Nanotechnology (CBEN) at Rice University forged close ties with the Rice Alliance for
Technology and Entrepreneurship, which helped launch Carbon Nanotechnologies and several other start-ups out of CBEN's research activities. The Rice Alliance is a partnership among the university's engineering, natural sciences, and business schools. The Alliance helped CBEN by pulling in entrepreneurs, investors, and businesspeople who were both alumni and non-alumni.
Much research has been conducted on the commercialization process, but we suggest too little attention has been paid to the leadership behaviors and skills and the institutional factors in large-scale innovation efforts that improve the success and satisfaction of the commercialization process for all involved. We see several key avenues of further study. We see tangible value of the Organized Innovation framework for the broad spectrum of engineering management education. For those who are preparing for research and development leadership roles, the principles clearly apply. But even for those who are managing other engineers not involved in research and development, we believe the principles can help them lead more effectively, particularly as they facilitate widespread collaboration among many technical minds. Thus, faculty who integrate these principles in their curriculum will better prepare students to excel in whatever their chosen path may be.
Conclusion
The Organized Innovation framework represents a plan to improve the research enterprise. The framework is based on best practices uncovered in our and other scholars' research on ERCs and similar research center programs. It is also consistent with well-supported theories of innovation, collaboration, motivation, and management in general. It includes theoretically-and empirically-supported principles that may be further applied and validated by researchers and implemented by leaders of innovation efforts. Thus, these principles may be integrated within engineering management curricula, in addition to current engineering management practice -providing value for current and future research leaders. We encourage additional efforts to test these principles across the diverse range of research centers focused on large-scale innovation, as well as additional related research, as suggested in the seven research questions in this paper. We believe research in this area can act as a foundation for an innovation enterprise that can position America and other global leaders to compete more successfully in this critical twenty-first century battleground.
Appendix: Research Methodology Overview
Over the course of a decade, we conducted in-depth interviews of ERC leaders and participants, collected wide-ranging survey data, and studied extensive archival data on ERCs.
During the first five years of the project, more than 135 hours were devoted to collecting qualitative data, with more than two hundred ERC leaders and participants interviewed.
Approximately 2,300 research faculty, center directors, industry partnering managers, administrative staff, graduate and undergraduate students, and postdoctoral researchers were invited to participate in an online survey, of which more than 800 responded. ERCs must annually report their financial and performance information to a third party company with which NSF contracts to collect, organize, and analyze ERC data; those archival data were collected for all active ERCs. During the last five years, we conducted in-depth case studies of three ERCs, which we showcased in our recently published book and used to focus in on the prescriptions of the Organized Innovation framework 85 .
ERCs are particularly helpful for understanding how to better manage innovation. 
